The immune system can recognize self antigens expressed by cancer cells. Differentiation antigens are prototypes of these self antigens, being expressed by cancer cells and their normal cell counterparts. The tyrosinase family proteins are well characterized differentiation antigens recognized by antibodies and T cells of patients with melanoma. However, immune tolerance may prevent immunity directed against these antigens. Immunity to the brown locus protein, gp75/ tyrosinase-related protein-1, was investigated in a syngeneic mouse model. C57BL/6 mice, which are tolerant to gp75, generated autoantibodies against gp75 after immunization with DNA encoding human gp75 but not syngeneic mouse gp75. Priming with human gp75 DNA broke tolerance to mouse gp75. Immunity against mouse gp75 provided significant tumor protection. Manifestations of autoimmunity were observed, characterized by coat depigmentation. Rejection of tumor challenge required CD4 ϩ and NK1.1 ϩ cells and Fc receptor ␥ -chain, but depigmentation did not require these components. Thus, immunization with homologous DNA broke tolerance against mouse gp75, possibly by providing help from CD4 ϩ T cells. Mechanisms required for tumor protection were not necessary for autoimmunity, demonstrating that tumor immunity can be uncoupled from autoimmune manifestations. ( J. Clin. Invest. 1998. 102: 1258-1264.)
Introduction
Immune recognition of human cancer is commonly directed against differentiation antigens (1, 2) . A differentiation antigen is expressed in a cell lineage at a distinct stage of differentiation and distinguishes one cell type or cell lineage from other cell types or lineages (3) . Immunity to differentiation antigens is presumably difficult to elicit due to immune tolerance. However, T cells and B cells that potentially recognize differentiation antigens in peripheral tissues are not necessarily deleted from the immune repertoire during development of the immune system. This assumption implies that lymphocytes capable of reacting with differentiation antigens remain in the immune repertoire but do not typically respond to cancers expressing these antigens.
Immune recognition of differentiation antigens in humans has been best characterized in patients with melanoma. Melanocyte differentiation antigens, which are antigens expressed by melanomas and normal melanocytes at some stage of differentiation (4) , are commonly recognized by the immune system of patients with melanoma (2) . The best characterized melanoma differentiation antigens are the melanosomal membrane glycoproteins, including tyrosinase, gp75/tyrosinaserelated protein 1 (TRP-1), 1 TRP-2, and gp100/pMel17. These gene products play important roles in cutaneous pigmentation and determine coat color of mice, e.g., albino (tyrosinase), brown (gp75), slaty (TRP-2), and silver (gp100) (5) . Products of these genes can be recognized by antibodies and T cells, including both CD4 ϩ and CD8 ϩ T cells (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Thus, these proteins can be recognized by multiple components of the immune system, suggesting that broad immunity to these differentiation antigens is possible.
Despite the prevalence of antibodies and T cells against these autoantigens in patients with melanoma, it is uncertain whether this immune recognition can translate into immunity that can actually reject the cancer, especially in the face of immune tolerance. A potential sequela of immunity against differentiation antigens is autoimmunity that leads to destruction of normal tissues. We show that tolerance to the mouse melanosomal glycoprotein gp75 can be broken by immunization with DNA encoding an evolutionarily conserved, xenogeneic gp75 protein that is highly homologous to the mouse brown locus protein. Thus, immunization with homologous DNA leads to immunity that cross-reacts with the self protein, breaking tolerance to the self protein. This immunity provides tumor protection and triggers autoimmune sequelae. The mechanisms involved in tumor protection induced by this immunization are distinct from the mechanisms involved in manifestations of autoimmunity.
Methods
Cell lines and tissue culture. B16F10/LM3 is a pigmented mouse melanoma cell line of C57BL/6 origin derived from the B16F10 line, which was kindly provided by Dr. Isaiah Fidler (M.D. Anderson Cancer Center, Houston, TX) (17) . The B16F10/LM3 line was isolated after three passages as lung metastases in C57BL/6 mice (18) . The mouse fibroblast cell line L929 was obtained from the American Type Culture Collection (Rockville, MD). Cell lines were grown in minimal essential media plus 1% nonessential amino acids, 100 g/ml each penicillin and streptomycin, and 2 mM glutamine (GIBCO, Grand Island, NY) supplemented with 10% heat-inactivated FBS (Hazelton, Lenexa, KS). Cells were routinely tested for mycoplasma and were negative.
Plasmid constructions. A 1.9 kb EcoR1 fragment containing the full-length mouse gp75 cDNA was isolated from the pMT4 plasmid (kindly supplied by Dr. T. Shibahara, Tohoku University School of Medicine, Japan) (19) and subcloned into unique Not1/BamH1 sites of the WRG / BEN plasmid (20) , which contains a cytomegalovirus promoter and kanamycin resistance gene. The original WRG7077 plasmid ( null vector) used to construct WRG / BEN (which contains altered polylinkers) was kindly provided by PowderJect (Middleton, WI). Full-length human gp75 cDNA (6) was inserted into WRG / BEN plasmid in the same manner. The plasmid encoding human gp75 was designated hgp75 and the mouse gp75 plasmid was designated mgp75.
DNA immunization. The method for DNA immunization has been reported (20) . Plasmid DNA was purified and coated onto 2.1-m gold bullets as described (20) . Briefly, mice were anesthetized with Metofane inhalation (Pitman-Moore, Mundelein, IL) and hair was removed with Nair depilatory cream (Carter-Wallace, New York, NY) exposing the abdominal skin for immunization. Animals were immunized by delivering gold/DNA complexes using a helium-driven gene gun (PowderJect) into each abdominal quadrant for a total of four injections per mouse. The gene gun was operated at a helium pressure of 400 pounds psi. Each bullet contains 1 g of DNA; therefore, each mouse received 4 g of DNA per immunization. Antibodies against gp75 were detected by immunoprecipitation as described below.
Mouse tumor and depilation experiments. C57BL/6J mice (6-to 8-wk-old females) were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice kept under pathogen-free conditions were used for tumor protection experiments at 8-12 wk of age. All mouse experiments were performed under protocols approved by the Institutional Animal Care and Utilization Committee of Memorial Sloan-Kettering Cancer Center according to National Institutes of Health animal care guidelines. C57BL/6J mice were immunized using particle bombardment once a week for 5 wk with one of the following plasmids: hgp75 , mgp75 , or null plasmid ( WRG / BEN ). Additional control animals were not immunized by the gene gun. 2 wk following the final immunization by the gene gun, C57BL/6J mice were injected intravenously through the tail vein with 2 ϫ 10 5 B16F10/LM3 melanoma cells in sterile normal saline (18) . Mice were sacrificed at 16-22 d after tumor challenge, and surface lung metastases were scored and counted as black nodules under a dissecting microscope (21, 22) . Surface lung metastases were detected by day 6-8 under a dissecting microscope and by day 8-12 by eye. Statistical analysis of tumor growth was performed using the two-sided Student's t test, assuming unequal variances and Wilcoxon scores (rank sums).
T cell subsets were depleted in vivo by intraperitoneal administration of a rat mAb GK1.5 (anti-CD4; IgG2b) and mouse mAb 2.43 (anti-CD8; IgG2b). Both were produced as ascites from hybridomas received from the American Type Culture Collection. Depletion experiments were performed as described previously (18) . Briefly, animals were injected intraperitoneally with mAb (0. ) controls have been described (23, 24) , and FcR Ϫ / Ϫ mice had been backcrossed to C57BL/6 mice for more than eight generations (24). CD4 Ϫ / Ϫ mice on a C57BL/6 background were obtained from The Jackson Laboratory (25) . Depigmentation experiments were performed as described (18) . 1 wk following the final immunization, C57BL/6J mice were either shaved or shaved followed by depilation with Nair over the posterior flank and observed for coat color changes upon regrowth of hairs, following mice for 6-8 wk.
Immunoprecipitation, Western blot, and isotype analysis. Metabolic labeling and immunoprecipitation were performed as previously described (26, 27 6 cpm TCA-insoluble precipitate in 150 l of lysis buffer was incubated with mouse sera or control mouse mAb antibody TA99 against mouse and human gp75 (28), followed by the addition of 40 l of protein A-Sepharose (Pierce Chemical Co., Rockford, IL). Endo-␤ -N-acetylglucosaminidase H (Endo H) and N-glycanase digestions were performed as previously reported (26) .
Immunoprecipitates were then washed five times with 10 mM Tris HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, and 1% NP-40 (TNEN), five times with 1/10 strength TNEN containing additional 0.5 M NaCl, and finally with distilled water. Proteins were analyzed by 9% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions. Radioactive protein was visualized by fluorography BioMax MR-2 film (Kodak, Rochester, NY) using Amplify (Amersham, Arlington Heights, IL).
For immunoprecipitation-Western blot, B16F10/LM3 melanoma cells were lysed followed by immunoprecipitation with mAb TA99 as described above. Immunoprecipitates were run on 8% SDS-PAGE under reducing conditions and transferred to Immobilon membrane (Millipore, Bedford, MA). The membranes were blocked overnight at 4 Њ C in 5% non-fat dry milk, washed, and probed with mouse sera or preimmune mouse sera at 1:60 dilution in PBS0.2% Tween-20. Blots were then washed and incubated with goat anti-mouse IgGhorseradish peroxidase and detected by an ECL kit from Amersham. For isotyping experiments, the second antibodies utilized in immunoprecipitation-Western experiments were goat anti-mouse alkaline phosphatase conjugates specific for mouse immunoglobulin isotypes IgG1, IgG2a, IgG2b, IgG3, and IgM (Fisher, Springfield, NJ). Detection used 5-bromo-4-chloro-3-indolyl phosphate and 4-nitro blue tetrazolium chloride substrates (Boehringer-Mannheim, Indianapolis, IN) in diethanolamine buffer, pH 9.6.
Results

Genetic immunization with xenogeneic but not syngeneic gp75
DNA induces autoantibodies. The mouse brown locus glycoprotein gp75 (also known as TRP-1) is a differentiation antigen expressed by melanocytes and melanomas of C57BL/6 mice. We have previously observed that C57BL/6 mice are tolerant to self gp75, based on immunization with gp75 ϩ cells, purified syngeneic gp75, or syngeneic gp75 peptides plus various adjuvants and cytokines (21; data not shown). To investigate further immunity against a tumor differentiation antigen, we used DNA immunization with mouse gp75 ( mgp75 ) or human gp75 ( hgp75 ) DNA to assess whether syngeneic or xenogeneic DNA would induce evidence of autoimmunity. Mouse and human gp75 are highly conserved at the protein level, with 82% identity and 87% homology (6) .
C57BL/6J mice were genetically immunized with DNA encoding full-length syngeneic mgp75 or hgp75 under the control of a cytomegalovirus promoter using particle bombardment.
Mice were immunized once a week for 5 wk. Sera from these mice were assessed for autoantibodies against syngeneic gp75 by immunoprecipitation of lysates from metabolically labeled, syngeneic B16F10/LM3 melanoma cells. No mouse (0 out of 39 mice) immunized with syngeneic mgp75 DNA had detectable antibodies to gp75. However, almost all C57BL/6J mice genetically immunized with hgp75 developed autoantibodies to syngeneic gp75 (69 out of 71 mice). A representative experiment from 11 experiments is shown in Fig. 1 .
Characterization of autoantibodies against syngeneic gp75. Autoantibodies against syngeneic gp75 in C57BL/6J appeared after the third immunization, although weakly (see Fig. 2 ), and peaked after the fourth and fifth immunization. Following the fifth immunization, autoantibodies against gp75 could still be detected by immunoprecipitation for as long as 6 mo without further boosts, showing that long-lived responses could be elicited, either due to memory or possibly to continued stimulation from self gp75. The autoantibodies against gp75 all recognized a mature glycosylated form of gp75 (with an apparent molecular mass of 73-78 kD) with a minor lower band of 66-68 kD also recognized by sera from approximately half of the mice (Fig. 1 ). Both bands represented glycosylated forms of gp75, with the higher molecular weight band representing a mature, processed gp75 and the lower band representing a more immature glycosylated form of gp75. Both the higher and lower bands were digested to a 55 kD core protein by N-glycanase but were resistant to digestion by Endo H (data not shown), confirming their identity as gp75 with Asn-linked glycans that had been processed through the Golgi complex.
Antibodies against gp75 were IgG subclass, specifically IgG1 and IgG2b isotype with little or no IgG2a response in five of five mice immunized with hgp75 (data not shown). The development of IgG antibodies suggested that antibody responses were dependent on T cell help. Sera from five CD4 Ϫ / Ϫ mice immunized with hgp75 demonstrated weak or no antibody responses to gp75 by immunoprecipitation (data not shown). These results showed that strong antibody responses were dependent on CD4-dependent recognition, presumably involving Th2-type help based on isotype of antibody responses.
Priming with hg75 breaks tolerance to immunization with mgp75. To determine whether immunization with hgp75 broke tolerance to syngeneic gp75 in C57BL/6J mice, we primed mice with hgp75 for two immunizations followed by a third immunization with either hgp75 , mgp75 , or null vector (eight mice per group). After two immunizations, autoantibodies were either not evident or barely detectable in mice immunized with hgp75. After priming with hgp75 , a single DNA immunization with mgp75 generated strong antibody responses against syngeneic gp75 (Fig. 2) in seven out of eight mice. Only weak antibody responses were observed after the third immunization with hgp75 (the three strongest responses are shown in Fig. 2 
Xenogeneic human gp75 DNA immunization induces protection to tumor challenge. The in vivo response after induction of autoantibodies to gp75 was investigated using a syngeneic tumor model. The gp75 glycoprotein is expressed in melanocytes and B16F10/LM3 melanoma cells of C57BL/6J mice. C57BL/6J mice that were immunized with hgp75 once a week for 5 wk were protected from lung metastases generated by B16F10/LM3 melanoma cells injected intravenously 2 wk after the last immunization. Results of a representative experiment are shown in Fig. 3 . In four separate experiments, C57BL/6J mice immunized with hgp75 ( n ϭ 46 total mice) were significantly protected from lung metastases (mean 41 Ϯ 15 SD metastases when results were combined from all four experiments) compared with control mice (mean 292 Ϯ 15 metastases Figure 1 . C57BL/6J mice immunized with human gp75 cDNA (hgp75), but not with syngeneic mouse gp75 cDNA (mgp75), produced antibodies against syngeneic mouse gp75. C57BL/6J mice were immunized weekly for 5 wk with cDNA by particle bombardment. Representative results from mice immunized with hgp75 and mgp75 (n ϭ 3 per group) in the same experiment are shown. Sera from immunized mice were used to immunoprecipitate syngeneic gp75 from lysates of syngeneic B16F10/LM3 melanoma cells metabolically labeled with [ Immunization of C57BL/6J mice with human gp75 cDNA (hgp75) breaks tolerance to immunization with syngeneic mouse gp75 cDNA (mgp75). Mice were immunized with hgp75 twice 7 d apart. 1 wk after the second immunization with hgp75, mice were immunized a third time with either hgp75, mgp75, or control null vector WRG/BEN. Representative results from mice immunized with hgp75, mgp75, and null (n ϭ 2-3 mice/group) in the same experiment are shown. Preimmune serum was used as a control (preimmune lane). B16F10/LM3 melanoma cells were lysed followed by immunoprecipitation with mAb TA99. Immunoprecipitates were run on 8% SDS-PAGE under reducing conditions and transferred to Immobilon membrane, and the membranes were probed with sera from immunized mice or preimmune sera at 1:60 dilution. Apparent molecular mass markers are shown in the right lane (M r ).
in 42 mice immunized with control null vector and mean 307Ϯ20 metastases in 36 untreated mice for all experiments, P Ͼ 0.45). The difference between lung metastases in mice immunized with hgp75 compared with mice immunized with a null vector was highly significant (P Ͻ 0.0001), representing an 86% decrease in lung nodules. No significant protection was observed in mice immunized with syngeneic mgp75 alone (Fig.  3) . Thus, xenogeneic but not syngeneic gp75 protected against colonization of the lung by metastatic melanoma cells.
Mice immunized with hgp75 develop depigmentation. Mice were assessed for autoimmune manifestations by observing coat color. Animals were depilated or shaved after the last immunization, and the coat was allowed to regrow. Melanocytes in mice are present in the epithelium surrounding the hair bulb, and depilation removes hair at the bulb leading to stimulation of new hair growth cycles with deposition of pigment from melanocytes. Shaving does not effectively remove hair bulbs. C57BL/6J mice immunized with hgp75 developed depigmentation in previously depilated coats (12 out of 15 mice), while no depigmentation was observed in mice immunized with mgp75 (0 out of 15 mice) over 6 mo of observation (see Fig. 4 ). In mice that were depilated, depigmentation appeared as confluent white areas against a black coat background; this depigmentation was indistinguishable from coat color changes that were previously reported after passive immunization of C57BL/6J mice with mAb TA99 (18) . In mice that were shaved but not depilated, depigmentation appeared as "salt and pepper" mixtures of depigmented and dark brown hairs in five out of five mice (Fig. 4) . The difference in the appearance of depigmentation between depilated and shaved mice may reflect the more uniform stimulation of a new hair growth cycle and melanocyte activation triggered by depilation. In both depilated and shaved mice, depigmentation was first noticed 3-4 wk after the last immunization with hgp75 (approximately 40-50 d after starting immunization). No changes in feeding habits, behavior, or general well-being were noted.
CD4 ϩ and NK1.1 ϩ cells and Fc␥ receptors play a role in tumor protection but not depigmentation following immunization with hgp75 DNA.
To assess what components of the immune system might be involved in tumor rejection and depigmentation, T lymphocyte subsets or NK cell populations were depleted before challenge with tumor cells. Depletion of CD8 ϩ cells did not alter tumor rejection (mean 32Ϯ19 metastases) mediated by immunization with hgp75 (Fig. 5) . Depletion of CD4 ϩ cells partially reversed rejection of B16F10/LM3 lung metastases (mean 127Ϯ24 metastases) by DNA immunization, showing that CD4 ϩ cells played a role at the effector phase of tumor protection. A role for CD4 ϩ cells was also detected in CD4 Ϫ/Ϫ mice (mean 174Ϯ35 metastases), presumably due to the requirement for CD4 ϩ T cell help in generating sufficient IgG antibody responses to gp75 as well as a potential role at the effector stage (Fig. 5) .
Depletion of an NK1.1 ϩ cell population reversed the protective effect of immunization with hgp75, supporting a role for NK cells in tumor protection in this model. C57BL/6J mice . Depigmentation was observed in mice immunized with hgp75 but not mgp75 or null vector. C57BL/6J mice were immunized by particle bombardment with DNA once a week for 5 wk. After the final immunization, the dorsal aspect of the trunk was shaved with or without depilation and the coats were allowed to grow in naturally. After 3-4 wk, depigmentation was observed in coats of mice immunized with hgp75 but not in mice immunized with either syngeneic mgp75 or null vector. Depigmentation appeared as patchy white areas with map-like borders against a black coat in mice that were shaved and depilated (data not shown; see reference 18) or as a "salt and pepper" appearance in mice shaved without depilation (left mouse). A representative mouse genetically immunized with syngeneic mgp75 did not show depigmentation after shaving (right mouse).
depleted of NK1.1 ϩ cells had no detectable protection from lung metastases (mean 225Ϯ27 metastases) compared with protection observed in control undepleted mice (mean 41Ϯ15 metastases) (Fig. 5) . Activation of Fc receptors I and/or III was implicated in tumor rejection using mice that were deficient in the ␥ chain of these receptors. Fc␥R Ϫ/Ϫ mice demonstrated no protection against tumor challenge after immunization with hgp75 (Fig. 6) , indicating that activation of the ␥ chain acting through FcRI and/or III was essential for development of autoantibodies and/or effector function in this model.
Depigmentation developed in all mice immunized with hgp75 after depletion of CD4 ϩ , CD8 ϩ , and NK1.1 ϩ cells (n ϭ 3-4 mice/group). One could argue that antibody depletion of potential immune or effector cells was not uniform in blood and tissues due to biodistribution of the antibodies. Therefore, the distinction between tumor immunity and autoimmunity could be due to tissue distribution of antibodies, leading to incomplete depletion of lymphoid cells in skin. However, depigmentation also readily developed in all CD4
Ϫ/Ϫ mice and in FcR␥ Ϫ/Ϫ mice (n ϭ 3 mice/group), although tumor protection was decreased or abrogated in these strains of mice (Figs. 5  and 6 ). These results show that CD4 ϩ cells and Fc␥ receptors are required for tumor protection but not autoimmune manifestations.
Discussion
Immune recognition of melanoma by antibodies and T cells has been intensely studied over the past two decades. Three categories of antigens have been defined from these studies. The first and most gratifying antigens are encoded by mutations in genes that are implicated in the pathogenesis and progression of melanoma. These include mutations in CDK4, a cell cycle regulatory gene, and ␤-catenin, which participates in cell adhesion and growth (29, 30). Recognition of these mutant proteins suggests that the immune system can recognize altered gene products that participate in the malignant phenotype, but it is not clear how frequently this occurs. Only a small handful of these antigens has been identified in human cancers, each in only an individual patient. A second group of antigens is expressed by some melanomas and other cancers and by few normal tissues, particularly testes, but not normal tissue counterparts of the cancer. Examples include the MAGE antigens and related families (31, 32). This group has been termed "tumor-specific shared antigens," "cancer-testes antigens," or "oncospermatogonal antigens" (32, 33) . None of these terms is particularly satisfying, and this reflects how little we know about the function of these antigens. The third group is the differentiation antigens. The melanocyte differentiation antigens are the most prevalent antigens recognized on melanomas. The prototypes are the melanosome membrane glycoproteins, which include the tyrosinase family (tyrosinase, gp75, and TRP-2) along with the distantly Figure 5 . Potential effector functions involved in protection against B16F10/LM3 lung metastases were evaluated in mice genetically immunized with human gp75 (hgp75), mouse gp75 (mgp75), or control null (WRG/BEN vector) cDNA. C57BL/6J or CD4 Ϫ/Ϫ mice were immunized by particle bombardment with cDNA once a week for 5 wk. 2 wk after the last immunization, mice were injected through the tail vein with 2 ϫ 10 5 B16F10/LM3 melanoma cells. One group of untreated mice were also challenged with melanoma (untreated). On day 21 after tumor challenge, surface metastatic lung lesions were scored. There were 10 mice in the untreated group, 9 mice in the null and mgp75 groups each, and a total of 24 mice in the hgp75 group (4-6/subgroup). Depletion of CD4 ϩ or CD8 ϩ T cell subsets in vivo was accomplished by intraperitoneal administration of mAb GK1.5 (anti-CD4) or mAb 2.43 (anti-CD8), respectively. NK cell depletion was performed using mAb PK136 (anti-NK1.1). A requirement for CD4 molecule at either the immunization or effector stage was also assessed by looking for tumor rejection in CD4 Ϫ/Ϫ mice. Data are expressed as meanϮSD. related silver locus protein, gp100. The Melan A/MART-1 antigen is a fifth member whose intracellular localization and function are unknown (34) . Differentiation antigens have been recognized by antibodies, cytotoxic CD8 ϩ T cells, and CD4 ϩ T cells of melanoma patients (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) ϩ cytotoxic and CD4 ϩ helper T cells from melanoma patients have been shown to recognize epitopes in tyrosinase, and autoantibodies against tyrosinase have been identified in patients with vitiligo and melanoma (7) (8) (9) (10) (11) (12) . Three points can be made. First, the immune repertoire contains B cells and cytotoxic and helper T cells that can potentially recognize tyrosinase family antigens. Second, as our knowledge of the immune repertoire against melanoma expands, the distinctions between specificity of antibody and T cell recognition of antigens become increasingly blurred. In fact, presumably the detection of high avidity antibodies reflects helper T cell responses, linking humoral and cellular immunity. Third, individual melanoma patients can recognize multiple antigens. An example is patient AV, studied at Memorial Sloan-Kettering, the University of Mainz, and at the Ludwig Institute for Cancer Research, Brussels, who had T cells in his repertoire that recognized tyrosinase, Melan-A/MART-1, and mutant CDK4, along with antibodies that recognized an undefined shared melanoma antigen (29). This patient had an extraordinary recovery with long-term survival after extensive regional metastatic melanoma.
We have chosen to focus on the most prevalent antigens on melanoma, the differentiation antigens. Recognition of these antigens presents many problems. First, how is recognition of these antigens possible in the face of immune tolerance? Second, even when recognition is possible, can this generate immunity that can reject cancer? Finally, if immunity to differentiation antigens can reject cancer, what are the potential autoimmune sequelae? Our studies in mice using the gp75 melanocyte differentiation antigen show that immunity, measured as tumor protection, can provide significant tumor protection. This is also associated with depigmentation, an autoimmune sequela that demonstrates concerns about toxicity when immunizing cancer patients against self antigens. The potential clinical implications of toxicity will depend on the normal tissue expression of the autoantigen, the sequelae of autoimmunity in that tissue, measured against the potential benefits for treating a person with cancer.
It is presumed that antibodies play a crucial role in this immunity because the presence of these autoantibodies corresponded to induction of tumor protection and our previous studies showed that passive transfer of a pure IgG antibody against gp75 could mediate rejection of tumors (18) . However, other components of the immune system must play a role in the immunization and effector phases of tumor rejection, including NK1.1 ϩ and CD4 ϩ cells. In a previous report, C57BL/6 mice immunized with either cell-associated or purified forms of syngeneic gp75 protein combined with a variety of immune adjuvants and cytokines did not produce autoantibodies or cytotoxic T cells (CTL) to syngeneic gp75 (21) . C57BL/6 are tolerant to syngeneic gp75 for both antibody and cytotoxic T cell responses, based on these studies plus additional experiments immunizing with purified gp75 and peptides from gp75 that bind K b (Moroi, Y., and A.N. Houghton, unpublished data).
However, immunization with the human melanoma cell line SK-MEL-19, which expresses xenogeneic gp75, and Freund's adjuvant did induce autoantibodies against syngeneic mouse gp75 in C57BL/6 mice with subsequent immunity (21). It was not possible in these studies to determine whether immunity to mouse melanoma and autoimmunity were specifically caused by immune recognition of human gp75, or whether immunity to other antigens shared by human and mouse melanoma contributed to tumor immunity and autoimmunity, or whether other cell-derived factors contributed to immunity. The present experiments show that immune recognition of human gp75 directly induced cross-reactive immunity to mouse gp75. More important, antibody recognition of human gp75 triggered a break in B or T cell tolerance to self gp75. We speculate that minor differences in protein sequences between human and mouse gp75 elicit T cell help, possibly by providing MHC class II restricted peptides in the xenogeneic gp75 that bind MHC class II with higher affinity. CD4 ϩ T cells, probably Th2-type, participated in generating autoantibodies against self gp75. However, CD4
ϩ cells also are linked to the effector phase of tumor rejection, so they may have a dual role both in priming immune responses and at the effector phase.
From the perspective of cancer immunology, the immune system is potentially replete with antibodies and T cells that can recognize antigens shared by cancer cells and normal cells. Thus, editing of the immune repertoire is not terribly stringent from the viewpoint of a cancer cell. Tolerance to melanoma in part occurs in the periphery, after selection during lymphocyte development, although "apparent" tolerance due to ignorance is also likely. Autoreactive T and B cells with high-affinity receptors against melanocyte antigens may be deleted during development, particularly if they are exposed to these antigens in the thymus or bone marrow. Immune cells with intermediate or low-affinity receptors may remain in the repertoire, and these lymphocytes either infrequently respond to melanoma antigens or are triggered by antigen mimicry or cross-reactivity. Cross-reactivity is based on homologies between an evolutionarily conserved inciting antigen and the ultimate target antigen. Our study shows that a highly homologous protein can trigger autoantibodies to a self protein shared by melanoma and melanocytes. The tyrosinase family of proteins, including gp75/tyrosinase-related protein 1, has been highly conserved throughout vertebrate evolution, including primates, rodents, birds, and amphibians. The scenario of breaking tolerance against melanoma differentiation antigens is not restricted to antibody responses nor to just cross-reactivity between proteins conserved through evolution. Loftus and colleagues suggest that cytotoxic CD8 ϩ T cells against a peptide in the Melan A/MART-1 melanocyte differentiation antigen, which is shared with melanoma, might be provoked by exposure to viruses or bacteria that express homologous peptides (36) . Candidates for peptide mimicry of Melan-A/MART-1 included a peptide derived from glycoprotein C of the prevalent viral pathogen HSV-1. This would provide one explanation for the observation that precursor cytotoxic T cells against Melan A/MART-1 can be readily isolated from both melanoma patients and healthy individuals (37) . With regard to our studies using DNA immunization, an extreme speculation is that homologous DNA in the environment might trigger cross-reactive immunity, e.g., autoimmunity, if the DNA were inadvertently taken up and expressed by antigen-presenting cells. In any case, recognition of homologous proteins or peptides, ei-ther conserved through evolution or unrelated, can trigger autoimmunity and immunity to cancer.
